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Aire (autoimmune regulatory protein) enhances expression of certain genes in thymic medullary epithelial cells (MECs). Using publicly
available data, we examined expression patterns, across 82 distinct tissue types, of genes previously identified as Aire-activated, Aire-repressed,
and Aire-independent. Consistent with the hypothesis that the effect of Aire in MECs is to increase expression of tissue-specific genes, Aire-
activated genes had a low overall level of expression but a large range between the lowest and the highest levels of expression in different tissues.
By contrast, Aire-repressed genes tended to have a high overall level of expression and less marked differences between the highest and the lowest
levels of expression. Nonetheless, the expression scores of Aire-repressed genes showed broader ranges of values than those of Aire-independent
genes. Phylogenetic analyses of members of two gene families that included two Aire-activated genes illustrated two contrasting patterns of the
relationship of Aire-activated genes within the same family. The two Aire-activated members of the major urinary protein family arose through a
recent gene duplication (after the rat–mouse divergence), whereas the most recent common ancestor of the two Aire-activated members of
cytochrome p450 family 2 duplicated prior to the radiation of the eutherian orders. In the latter family, the Aire-activated Cyp2a4 gene and the
Aire-independent Cyp2a5 gene arose through a recent duplication, after the rat–mouse divergence. Thus the set of Aire-activated genes is subject
to change over evolutionary time and includes genes of recent origin.
© 2006 Elsevier Inc. All rights reserved.Keywords: Autoimmune regulator (Aire); Cytochrome p450; Gene expression; Major urinary proteinThe process of development of T cells, including the
development of tolerance toward self-antigens, remains poorly
understood. An important advance in understanding this area of
vertebrate biology has been the discovery of the AIRE
(autoimmune regulator) gene [1]. In humans, a defect in the
AIRE gene causes autoimmune polyendocrinopathy syndrome
type I, a rare, organ-specific autoimmune disease most
commonly affecting the parathyroid and adrenal glands [2];
and Aire−/− knockout mice likewise develop autoimmune
disease [3].
There is evidence that the Aire protein functions as a
transcription factor, acting in thymic medullary epithelial cells
(MECs) to enhance the expression of RNA transcripts encoding
proteins typically expressed only in certain peripheral tissues⁎ Corresponding author. Fax: +1 803 777 4002.
E-mail address: austin@biol.sc.edu (A.L. Hughes).
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doi:10.1016/j.ygeno.2006.05.006[3–5] and that Aire exerts its effects at least in part through
interactions with multiple components of the transcription
complex [6]. Anderson and colleagues [3] reported data on gene
expression in wild-type and Aire−/− knockout mice that were
consistent with this hypothesis. Using a microarray (Affymetrix
MgU74Av2) designed to study expression of a set of mouse
genes of known function, the authors compared expression of
these genes in wild-type and knockout mice. Genes whose
expression was substantially decreased in knockout mice in
comparison to wild-type mice were considered to be Aire-
activated genes, while those whose expression was substantially
increased in knockout mice in comparison to control mice were
considered to be Aire-repressed genes [4]. Anderson and
colleagues [3] placed the genes in four categories with regard to
expression (one specific tissue, several specific tissues,
hematopoietic cells, and housekeeping) and found that the
housekeeping category was underrepresented in the Aire-
Fig. 1. Median values of the adjusted median expression score for genes
categorized with respect to their response to Aire. There was a significant overall
difference among categories (P = 0.001; Kruskal–Wallis test). Comparisons of
individual medians with that for Aire-repressed genes: **P < 0.01.
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showed that both Aire-activated genes and Aire-repressed genes
are often found in chromosomal clusters, though frequently
interspersed with Aire-independent genes [4].
The purpose of the present paper is to extend the analysis of
the expression pattern in Aire-activated and Aire-repressed
genes beyond the qualitative categories used by Anderson et al.
[3]. Since the Affymetrix MgU74Av2 chip has been used for
numerous studies of gene expression in a wide variety of mouse
tissues, we assembled data from the GEO database to obtain
quantitative measures of the pattern of expression across tissues
of the genes whose expression is assayed by this chip. We then
related these measures of overall expression to the effects of
Aire as determined from Anderson et al. [3,4]. The purpose of
these analyses is to provide a further test of the hypothesis of
Anderson et al. [3,4] that Aire-activated genes are dispropor-
tionately tissue specific. In addition, we examine the expression
patterns of Aire-repressed genes, which was not addressed by
previous studies, and we test the hypothesis that Aire-repressed
genes generally have broad tissue expression.
A number of the genes examined with the Affymetrix
MgU74Av2 chip are members of multigene families. Using
information of gene family membership, we compared the
overall expression patterns of Aire-activated and Aire-repressed
genes to those of Aire-independent genes in the same families.
Finally, we applied phylogenetic methods to two gene families
including multiple Aire-activated genes to determine the time of
gene duplications giving rise to Aire-activated and Aire-
independent genes. We used the latter analyses to provide
evidence regarding changes in activation by Aire on an
evolutionary time scale.
Results
Expression patterns of genes categorized by Aire response
There was a highly significant difference (P < 0.001) with
respect to the median of the adjusted median expression score
among genes placed in three categories (Aire-activated, Aire-
independent, and Aire-repressed) with respect to their response
to Aire (Fig. 1). The median score was close to 0 (−0.0002) for
Aire-independent genes, negative for Aire-activated genes
(−0.046), and positive for Aire-repressed genes (0.083; Fig.
1). In multiple comparisons, the median scores for both Aire
activated genes and Aire-independent genes differed signifi-
cantly from that for Aire-repressed genes (Fig. 1).
The median values of both the range (Fig. 2A) and the
relative range (Fig. 2B) of the expression scores for different
tissue types showed highly significant differences among the
three categories of genes (P < 0.001). In each case the median
for Aire-activated genes was significantly higher than that for
Aire-repressed genes, while the median for Aire-independent
genes was significantly lower than that for Aire-repressed genes
(Fig. 2). There was likewise an overall significant difference
among categories with respect to the percentage of the overall
variance accounted for by differences among tissues (P < 0.001;
Fig. 3). In the latter case, the median percentages were higherfor Aire-activated genes (89.7%) and for Aire-repressed genes
(89.3%) than for Aire-independent genes (84.1%). There was a
significant difference between the median for Aire-independent
genes and that for Aire-repressed genes, but not between that for
Aire-activated genes and that for Aire-repressed genes (Fig. 3).
Comparisons within gene families
Median values of variables describing overall expression
pattern were compared within 28 gene families including one or
more Aire-activatedmembers and one or more Aire-independent
members (Table 1). Aire-activated genes did not show a
significant difference from Aire-independent genes with respect
to adjusted median score (Table 1). However, Aire-activated
genes showed significantly higher median values of range,
relative range, and percentage variance than Aire-independent
genes in the same families (Table 1). Similar comparisons were
made within 46 gene families including one or more Aire-
activated members and one or more Aire-independent members
(Table 1). Aire-repressed genes showed significantly higher
median values of adjusted median score, range, relative range,
and percentage variance than Aire-independent genes in the
same families (Table 1).
Phylogenetic analyses
There were two gene families that included two genes in the
Aire-activated category as well as members in the Aire-
independent category: the major urinary protein (MUP) family
and the cytochrome p450 family 2 (CYP2). In the phylogenetic
tree of the MUP family, there was a cluster of mouse Mup's
supported by a highly significant internal branch and a separate
cluster of rat Mup's, likewise supported by a significant internal
branch (Fig. 4). This topology supports the hypothesis that
mouse Mup genes duplicated after the mouse and rat diverged
from each other. Within the cluster of mouse Mup's, Mup1 and
Mup2 clustered together, and this pattern was supported by a
highly significant internal branch (Fig. 4). Likewise Mup3 and
the novel protein bM64F17.3 clustered together and this pattern
was supported by a highly significant internal branch (Fig. 4).
However, the relationship between Mup4 and Mup5, the Aire-
Table 1
Medians of variables describing expression patterns in (A) 28 families including
at least one Aire-activated transcript and one Aire-independent transcript and in
(B) 46 families including at least one Aire-repressed transcript and one Aire-
independent transcript
Aire-activated Aire-independent P a
(A)
Adjusted median score −0.050 −0.039 n.s.
Range 4.69 0.99 <0.001
Relative range 47.10 10.10 <0.001
% variance 90.80 83.85 <0.001
(B)
Adjusted median score 0.090 0.028 0.018
Range 7.54 5.22 0.002
Relative range 15.10 10.86 0.021
% variance 89.10 84.53 <0.001
a Wilcoxon signed-rank test.
Fig. 2. Median values of (A) the range and (B) the relative range of standardized
expression score for genes categorized with respect to their response to Aire. In
each case, there was a significant overall difference among categories
(P < 0.001; Kruskal–Wallis test). Comparisons of individual medians with
that for Aire-repressed genes: ***P < 0.001.
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was not well resolved (Fig. 4). Thus, the tree did not resolve the
question of whether the property of being Aire-activated
evolved independently in Mup4 and Mup5.
In the phylogenetic tree of the CYP2 family, the two murine
Aire-activated members of the family, Cyp2a4 and Cyp2b19,
were located in two separate clusters, each of which included
homologs from nonrodent mammals, and each of these two
clusters was supported by a highly significant internal branchFig. 3. Median values of the % variance accounted for by differences among
tissue types for genes categorized with respect to their response to Aire. There
was a significant overall difference among categories (P < 0.001; Kruskal–
Wallis test). Comparisons of individual medians with that for Aire-repressed
genes: ***P < 0.001.(Fig. 5). Therefore, this phylogeny supported the hypothesis
that the gene duplication giving rise to these major clusters
occurred prior to the radiation of the eutherian orders (placental
mammals). Each of these two major clusters included not only a
murine Aire-activated gene but also one or more murine Aire-
independent genes (Fig. 5).
The fact that an Aire-independent member of the CYP2
family, mouse Cyp2g1 (Fig. 5), occurred outside either of theFig. 4. Minimum evolution tree of the major urinary protein (MUP) family,
based on the γ-corrected amino acid distance (a = 3.01) at 147 aligned amino
acid residues. Numbers on the branches are confidence levels (%) of the interior
branch test; only values ≥95% are shown. Accession numbers for sequences
used are in Supplementary Table S3. (·) Encoded by a gene with expressiondata in present study. (†) Aire-activated.
Fig. 5. Minimum evolution tree of cytochrome p450 family 2 (CYP2), based on
the γ-corrected amino acid distance (a = 1.26) at 437 aligned amino acid
residues. Numbers on the branches are confidence levels (%) of the interior
branch test; only values ≥95% are shown. Accession numbers for sequences
used are in Supplementary Table S4. (·) Encoded by a gene with expressiondata in present study. (†) Aire-activated.
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most parsimoniously explained under the hypothesis that Aire
independence was the ancestral state for the CYP2 family. If this
inference regarding the ancestral state is correct, the phylogeny
supported the hypothesis that the property of being Aire-
activated evolved independently in the two clusters. The Aire-
activated Cyp2a4 clustered together with the Aire-independent
Cyp2a5, and this pattern was supported by a significant internal
branch (Fig. 5). Rat Cyp2a3a, the closest rat homolog to mouse
Cyp2a4 and Cyp2a5, formed an outgroup to this sister pair of
mouse sequences (Fig. 5), supporting the hypothesis that these
two mouse genes duplicated after the mouse and rat diverged.
Discussion
An analysis of expression data from 12,488 mouse genes of
known function across 82 different tissue types showed striking
differences among Aire-activated, Aire-independent, and Aire-repressed genes. The results showed that Aire-activated genes
tend to show reduced overall expression in comparison with
other genes (Fig. 1). Furthermore, the range in standardized
expression scores was greater in Aire-activated genes than in
other genes (Fig. 2). The latter was true whether the absolute
range of expression scores was used or the range relative to the
median (relative range) (Fig. 2). Thus, Aire-activated genes
were characterized by a low overall level of expression but a
large range between the lowest and the highest levels of
expression in different tissues. This is a pattern indicative of
tissue-specific expression. Thus, the present quantitative
analysis of expression data across a variety of tissues confirmed
the major conclusion of Anderson [3] regarding the character-
istics of Aire-activated genes.
When Aire-activated and Aire-independent genes were
compared within 28 families for which data on both categories
of genes were available (Table 1), the results were similar to
those seen in the case of all 12,488 genes. The one exception
was that no significant difference with respect to median
standardized expression score was seen in the within-family
comparisons of Aire-activated and Aire-independent genes.
Presumably the explanation for the latter finding was that Aire-
activated genes apparently often belong to families whose
overall expression level is relatively low.
The characteristics of Aire-repressed genes were found to
differ markedly from those of Aire-activated genes. Similar
trends were seen in comparisons of all genes (Figs. 1, 2, 3) and
in within-family comparisons between Aire-repressed and Aire-
independent genes (Table 1). Aire-repressed genes tended to
have a high overall level of expression and less marked
differences between the highest and the lowest levels of
expression than seen in the case of Aire-activated genes.
Nonetheless, both absolute and relative ranges of expression
scores of Aire-repressed genes showed higher median values
than those of Aire-independent genes. Thus the pattern seen in
Aire-repressed genes was not strictly the mirror image of that
seen in Aire-activated genes.
The MUP family, which forms part of the lipocalin
superfamily, includes a cluster of genes on chromosome 4 in
the mouse [13], two of which were identified as Aire-activated.
The phylogenetic tree supported the hypothesis that the mouse
genes arose through gene duplications that occurred after the
mouse lineage diverged from that of the rat, which is estimated
to have occurred about 30–40 million years ago [21,22].
By contrast, phylogenetic analysis showed that the two Aire-
activated members of the CYP2 family belonged to two separate
major groups of genes that arose as a result of a gene duplication
prior to the divergence of the placental orders of mammals,
which occurred between 70 and 110 million years ago [21,22].
Mouse genes in both of these groups map to chromosome 7 [23].
Thus, the MUP and CYP2 phylogenies illustrated two contrast-
ing patterns of the relationship of Aire-activated genes within the
same family; the two Aire-activatedMUP family members arose
through a recent gene duplication (after the rat–mouse
divergence), whereas the most recent common ancestor of the
twoAire-activated CYP2 family members duplicated prior to the
radiation of the eutherian orders.
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members in the CYP2 phylogeny were most easily explained on
the assumption that the ancestral condition of CYP2 family
members was Aire independence. Given this assumption, the
CYP2 phylogeny supported the hypothesis that the property of
Aire activation has evolved independently in the two groups.
The Aire-activated Cyp2a4 gene is closely related to the Aire-
independent Cyp2a5 gene, and the phylogenetic tree (Fig. 5)
supported the hypothesis that these two genes duplicated after
the rat–mouse divergence. This result is consistent with the
suggestion of Lindberg et al. [14] that the two genes duplicated
within the past 5 million years, since they show greater than
96% nucleotide sequence identity. Expression differences
between these two genes have been studied extensively
[14,24]. One sequence difference that is potentially related to
expression differences is the presence in Cyp2a4 of an intact
SV40 enhancer element in tandem with the CAAT box 95 bp
downstream of the transcription start site, whereas there is a
single point mutation in this element in Cyp2a5 [14].
It is not known at present how early in vertebrate history the
Aire protein originated. Given its role in the elimination of self-
reactive T cells, the Aire protein may have coevolved with the
system of T cell recognition itself and may thus be very ancient.
Consistent with an ancient origin, homology search and
phylogenetic analysis support the hypothesis that zebrafish
possesses Aire (A.L. Hughes, unpublished data). Whether or
not Aire is ancient, our phylogenetic analyses make clear that
the set of Aire-activated proteins is subject to change over
evolutionary time and includes proteins of recent origin.
Methods
Gene expression data
Genes were classified based on their expression in thymic MECs of wild-
type (Aire+/+) and knockout (Aire−/−) mice from the study of Anderson et al. [3]
and the reanalysis of Johnnidis et al. [5]. Anderson et al. [3] used the Affymetrix
MgU75Av2. This widely used gene chip is used to examine a set of 12,488
mouse transcripts (genes) of known function.
Johnnidis et al. [5] calculated the fold change (FC) as the ratio of
expression in wild-type mice to that in knockouts. Genes were categorized as
Aire-activated and Aire-repressed in three ways based on the comparison of
wild-type and knockout mice: (1) Categories based on ranks. The genes with
the 200 highest ranking FC scores were classified as Aire-activated, while
those with the 200 lowest ranking FC scores were classified as Aire-
repressed. (2) Categories based on cut-offs. Following Johnnidis et al. [5],
any gene with an FC score greater than 2.0 was classified as Aire-activated,
while any gene with an FC score less than 0.5 was classified as Aire-
repressed. There were 93 of the former and 89 of the latter; note that incorrect
numbers for these two categories are given by Johnnidis et al. [5]. (3)
Categories based on t tests. Genes were categorized on the basis of the
significance level of t tests comparing the means of raw expression data
between wild-type and knockout mice. In preliminary analyses, all of these
methods of categorizing genes yielded essentially identical results; therefore,
only the results of the categories based on cut-offs are presented here. Genes
were categorized as Aire-activated (N = 93), Aire-repressed (N = 89), and
Aire-independent (N = 12,306).
To examine expression of the same 12,488 genes across an array of tissues,
we assembled from the GEO database [7] a dataset of 237 arrays
(Supplementary Table S1). Each experiment included in the dataset involved
a given tissue or tissues from wild-type untreated mice. Only tissues represented
by two or more replicates from the same study were chosen. Overall there were82 different tissue types represented in the dataset, where a tissue type
corresponded to a given tissue and/or distinct developmental stage of a tissue
(Supplementary Table S1). The tissues included brain, skeletal and smooth
muscle, liver, lung, intestine, liver, spleen, bone marrow, dendritic cells, ovary,
and testis (Supplementary Table S1).
Statistical analyses
Because expression data on the 82 tissue types were derived from
numerous different studies that may have differed with respect to experimental
conditions, the data were standardized within each replicate by the standard
normal transformation. The mean of the standardized scores for all replicates
of a given tissue type was calculated to provide an expression score for each
gene within each tissue type. For each gene, the median of these 82 expression
scores was used as a measure of overall expression level across tissues
(Supplementary Table S2). To interpret each of these median scores as a
deviation from the overall median, the median (−0.2515) of the 12,488
expression scores was subtracted from each gene median to yield an adjusted
median score for each gene.
A number of measures were used to examine the variation among the 82
expression scores for each gene. These included the range (the highest score
minus the lowest score) and the relative range (the range divided by the
absolute value of the adjusted median score). In addition, an analysis of
variance approach was used to estimate the proportion of variance (ω2) in
standardized scores accounted for by differences among tissue types [8]. An
unbiased estimate of ω2 is obtained from the formula
SSb  ðN  1ÞMSw=½ðSSt þMSw;
where SSb is the between-groups sum of squares, SSt is the total sum of
squares, MSw is the within-groups mean square, and N is the number of
groups. In the this article ω2 is expressed as a percentage (designated
percentage variance).
Comparisons among categories of genes were conducted by the nonpara-
metric Kruskal–Wallis one-way analysis of variance [9]. Dunn's [10] procedure
was used for multiple comparisons among group medians. Pair-wise
comparisons within families employed the Wilcoxon rank-sum test [9]. All
statistical analyses were conducted using the Minitab statistical package, release
13 (http://www.minitab.com/).
Gene families and phylogenetic analyses
Protein translations associated with transcripts profiled by the Affymetrix
MgU75Av2 chip were obtained using UniGene accessions. Multigene
families were assembled using the BLASTCLUST computer program [11],
which establishes families by BLASTP homology search and the single-
linkage method (i.e., if a match is scored between A and B and between B
and C, then A, B, and C are placed in the same family). In the BLAST
algorithm, we set the E parameter (representing the probability that a score
as high as that observed between two sequences will be found by chance in
a database of the size examined) at 10−6. To count a match, we also required
that 30% of amino acids be identical and 50% of aligned amino acid sites be
shared. Previous analyses have shown that these criteria assemble protein
families with a degree of sequence similarity suitable for phylogenetic
analyses [12]. No attempt was made to filter out alternatively spliced
variants prior to computational assembly of multigene families. However,
prior to phylogenetic analyses, families were examined manually for
alternatively spliced variants, and only transcripts corresponding to unique
loci were included in phylogenetic analyses. No families as here defined
were found to contain both one or more loci included among the Aire-
activated genes and one or more loci included among the Aire-repressed
genes.
Phylogenetic analyses were applied to selected members of two families,
each of which included two Aire-activated genes: (1) the major urinary proteins
[13] and (2) the cytochrome p450 family 2 [14]. Using BLAST homology search
of the NCBI nonredundant database, we retrieved additional representative
family members from the mouse and from other mammalian species
467A.L. Hughes, R. Friedman / Genomics 88 (2006) 462–467(Supplementary Tables S3 and S4). Amino acid sequences were aligned using
the CLUSTALW program, using default parameters [15].
Phylogenetic analyses were applied to the aligned amino acid sequences
by the following methods: (1) the maximum parsimony method, implemented
in the PAUP* program [16]; (2) the quartet maximum likelihood method,
implemented in the PUZZLE 5.0 program [17]; and (3) the minimum
evolution (ME) method [18], implemented in the MEGA2 program [19]. The
ME trees were based on the γ-corrected amino acid distance, with the shape
parameter (a) estimated by the PUZZLE 5.0 program. In the ME trees, the
hypothesis that each internal branch was equal to 0 was tested by the internal
branch test; the standard error of the branch length was estimated by
bootstrapping (1000 replicates) [20]. All methods produced essentially
identical trees; only the ME trees are shown in the figures.
The phylogenetic tree of the MUP family was rooted with lipocalins from
human and other mammals. The phylogenetic tree of the CYP2 family was
rooted with human CYP2F1 and apparent orthologs from other mammals;
preliminary analyses including a large number of sequences from the
cytochrome p450 superfamily suggested that CYP2F1 and relatives branched
early in the history of the CYP2 family (data not shown).
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